A method for investigating the pure squeeze action in an isothermal elastohydrodynamically lubrication (EHL) problem, i.e., circular contacts lubricated with couple stress fluid, was developed. A constant load condition was used in the calculations. The initial conditions such as pressure profiles, normal squeeze velocities, and film shapes were obtained from the classical hydrodynamic lubrication theory at a specified large central film thickness. The coupled transient modified Reynolds, elasticity deformation, and load equilibrium equations are solved simultaneously. The simulation results reveal that the effect of the couple stress is equivalent to enhancing the lubricant viscosity, thus enlarging the film thickness. The effect of couple stress in thin film lubrication varies with film size. That is, the thinner the lubricating film is, the more obvious the effect of couple stress is. For larger characteristic length, materials parameter, and load, the central pressure, central film thickness, and rigid separation are larger than those of smaller characteristic length under the same load. The time needed to achieve maximum central pressure and the Hertzian pressure increases with increasing characteristic length.
INTRODUCTION
When two bodies approach each other along the normal direction, very high pressure will be generated in the lubricating film due to the squeeze effects. Therefore, an elastic dimple will occur at the center of the contact region. The related problems are called transient elastohydrodynamic lubrication (EHL) problems. These problems occur in many mechanical elements with contact pairs such as gear teeth, cams /followers, piston ring/cylinder, rolling element bearings, and the stretching process of metal sheets.
Christensen [1] has studied the pure squeeze film problem numerically, which was lubricated by incompressible lubricants with viscosity varying exponentially with pressure.
Lee and Cheng [2] developed a numerical scheme for pure squeeze EHL problems lubricated by a compressible lubricant with viscosity varying arbitrarily with pressure. Safa and Gohar [3] investigated the pure impact problems (a free falling ball impacts on a plate). They used thin film transducers to measure the pressure in the contact region during impact. Studying the pressure at the contact center, they found that pressure reaches two peaks during the total impact time. The first peak corresponds to the stage of impact where the impact force reaches its maximum. Near the end of the rebound process, immediately before the ball leaves the lubricated surface, a sharp pressure peak was found at the contact center.
Yang and Wen [4, 5] made a numerical analysis of the ball dropping problem. They solved the ball's equation of motion to determine the ball's position during impact. Unfortunately, only the results for the beginning stage of the impact were presented. The result for the rebound stage was not shown. The primary peak was not reached in their analysis. In addition, it seems unrealistic for using the Hertzian pressure as the initial condition for constant load conditions. Dowson and Wang [6] analyzed the bouncing of an elastic sphere on an oily plate. The analysis is restricted to normal motion in the first instance, in order to develop the numerical procedure and to relate the overall findings to the results presented by Safa and Gohar [3] . Larsson and Höglund [7, 8] also solved the same problems using the multi-grid method.
They concluded that the maximum pressure in the lubricant film could reach levels higher than those in the corresponding dry impact situation. They also gave theoretical evidence of the existence of the secondary pressure peak reported by Safa and Gohar [3] .
Lee and Hamrock [9, 10] studied the influence of combined entraining and normal motion on the EHL of line contacts. However, there were still the limitations on load for high dimensionless materials parameter. They thought that a non-Newtonian fluid must be considered to overcome the numerical convergence for high load and low entraining velocity problems.
The effects of additive on the fluid rheology of lubricant received great research attention. Instead of using the classical continuum theory, many micro continuum theories [11~13] are proposed to model the flow rheology. Stokes theory [13] is the simplest theory which accounts for the effects of couple stresses, body couple, and asymmetric tensors. This couple stress model aims to examine the effects of particle sizes. This model is important for the applications of pumping flow, i.e. liquid crystal, polymer-enhanced oil, animal blood, and artificial fluid. Ramanaish and Sarker [14, 15] studied the effects of couple stress on the squeeze film between two parallel rectangular plates with infinite lengths and that between two parallel rectangular plates with finite size. Lin [16] studied the squeeze problems related to the long eccentric journal bearings and spherical bearings. Mokhiamer et al. [17] and Naduvinamani et al. [18] studied the effects of couple stress and linear elastic deformation on journal bearings and short porous journal bearings, respectively. The model applies to low load and large film thickness conditions. The effects of couple stress on the squeeze film between a sphere and a plate in the hydrodynamic regions are analyzed [19] . However, the study of the problem in the EHL circular contact region is not valid.
A method for general applications with couple stress fluid is developed to investigate the pure squeeze action in an isothermal EHL spherical conjunction. A constant load condition was used in the calculation. The initial conditions, such as pressure profile, normal squeeze velocity, and film shape are obtained from the classical hydrodynamic lubrication theory at a specified large central film thickness. The coupled transient modified Reynolds, elasticity deformation, and load equilibrium equations are solved simultaneously using the finite difference method and the Gauss-Seidel iteration method. In the light of the micro continuum theory, the effects of couple stress fluids on the elastic deformation and the performance of a squeeze film are discussed under the conditions of constant load.
THEORETICAL ANALYSIS

Modified Couple-Stress Reynolds Equation
According to the Stokes microcontinuum theory [13] , the field equations of an incompressible coupled stress fluid in the absence of body forces and body couples are
where V is the velocity vector, ρ is the density, p is the pressure, μ is the classical viscosity coefficient, and η is a new material constant with the dimension of momentum responsible for the couple stress fluid property. Since the ratio η/μ has the dimensions of length squared, the dimension of l = (η/μ) 1/2 characterizes the material length of couple stress fluids, and l is assumed to be a material constant in the present analysis. Two spheres approach one another in term of an equivalent sphere approaching a plane. Consider the squeeze film mechanism as shown in Fig. 1 , an elastic sphere of radius R is approaching an infinite plate with a velocity under a constant load. The lubricant in the system is taken to be an incompressible couple stress fluid.
Under the usual assumption of elastohydrodynamic lubrication applicable to a thin film, the reduced momentum equations and the continuity equation governing the motion of the lubricant given in polar coordinates can be obtained. Integrating the reduced momentum equations by the boundary condition, yields the velocity components. Substituting velocity components into continuity equation and integrating across the film thickness with the boundary conditions of w(r,z), we can then derive the transient modified Reynolds equation in polar coordinates as:
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or in dimensionless form as:
where The radial coordinate, r, has its origin at the center of the contact. The boundary conditions for Eq. (3) are:
Initial Stage
During the squeeze motion, two stages are included, i.e. the initial stage and the high-pressure stage. At the initial stage, the ball has achieved the lubricant layer and begins to squeeze the lubricant film away. Since the pressure is low, an iso-viscous incompressible lubricant model is appropriate and the elastic deformation can be disregarded.
In fact, it was indicated by Lee and Hamrock [4] that an initial condition obtained from the hydrodynamic solution was very useful in calculating the solution at the highpressure stage. In this stage, the transient modified Reynolds in dimensionless form can be expressed as:
The film thickness can be expressed as:
and the central normal velocity is simply given as:
The pressure profile can be solved analytically from Reynolds equation, and is given as:
For the constant load, the instantaneous load balance equation is
By making use of Eqs. (11) and (12), the central normal velocity is given as:
At the initial stage, the equation governing the transient hydrodynamic lubrication (HL) problem is analytically solved when a thin layer of oil initially separates a ball and a plate at pure squeeze motion. This HL solution is used as the initial condition.
High-Pressure Stage
When the pressure increases with time, the elastic deformation, and the effect of pressure on the viscosity cannot be neglected. This stage is denoted as the high-pressure stage. It is the problem of pure squeeze motion in elastohydrodynamic lubrication.
The coupled Reynolds, rheology, load equilibrium, and elasticity equations have to be solved numerically.
The viscosity of the lubricant is assumed to be the function of pressure only. The relationship between viscosity and pressure used by Roelands [20] can be expressed as: 
where μ 0 is the viscosity at ambient pressure and z is the pressure-viscosity index.
The film thickness in a nominal point contact elastohydrodynamic conjunction can be written as:
To calculate the static deformation due to pressure distribution, influence coefficients D ij are introduced. The deformation can thus be computed at discrete points i as a sum of the deformation contributions from all pressure points j:
The dimensionless film thickness between two elastic bodies in circular contacts can be expressed as: 
where the influence coefficients, D ij , are computed according to Yang and Wen [5] , Larsson and Höglund [10] . For the constant load case, the rigid separation is an unknown variable in each time step.
It can be determined by solving the transient Reynolds equation with the load balance equation. To save computing time, the analytical solution of the first stage discussed above can be used as the initial condition.
RESULTS AND DISCUSSION
The proceeding formulation and system approach are used to study the problem of the normal approach between a ball and a flat plate covered by a thin layer of oil subject to constant load. However, this numerical procedure can be applied not only to the constant load case, but also to arbitrary squeeze action, such as load varying with time. To discuss the effects of couple stress and elastic deformation on squeezing motions, the point contact EHL problems are discussed under the conditions of non-isovoscous, incompressible lubricant, and constant load. Various operation conditions are discussed. The properties of lubricant and sphere are shown in Table 1 . The initial falling height of the sphere is 20μm.
For the constant load case, the rigid separation cannot be determined by the equation of motion. Hence, the load equilibrium equation has to be included in the coupled transient Reynolds equation derived in Section 2.1 and the elastic deformation equation. The rigid separation becomes one of the unknown variables. It will be simultaneously solved with nodal pressures. In this paper, at the initial stage, the elastic deformation and the increase in fluid viscosity and density with pressure are neglected.
This solution has been obtained in Eqs. (11) and (13) , and it will be employed as the initial condition. This initial condition is completely different from that used by Yang and Wen [5] . The upper limit of the computational region was in the beginning chosen as, X max = 16.0.
The central difference technique in space domain and the explicit technique in time domain are utilized to discretize the modified Reynolds equation. When more than half of the region was cavitated, the maximum analyzed region X max reduces to half of its initial region, and so on, until X max = 2.0. The grid was made up of 401 nodes, which are evenly distributed, in every calculating domain. The Gauss-Seidel iteration method is employed to calculate the film thickness and pressure distribution at each time step.
Under the conditions of Newtonian fluid (L → 0) and constant load, the operation and initial conditions by Yang and Wen [5] are employed to solve the pure squeeze EHL motion of circular contacts problem using the present algorithm. The numerical results of central pressure and film thickness and those obtained by Yang and Wen [5] are compared as shown in Fig. 2 . Good agreements are found. The discrepancies come from the finer grids and calculation region varying with time of the present analysis. When the sphere approaches the flat surface, the pressure profile is almost converged to the well-known Hertzian contact pressure. As shown, the peak pressure is always kept at the center in this study. It was found that the center pressure gradually increases with decreasing central film thickness from curve 1 to curve 4 when the central dimensionless film thickness decreases to a certain level (between 0.8 to 0.9). After this stage, the pressure reverses its trend from curve 4 to curve 9, i.e., the peak pressure decreases with decreasing film thickness until it reaches a stage where the minimum film thickness and the squeeze velocity are almost zero. In this stage, the pressure gradient is significantly influenced by the entraining motion term where the squeeze velocity becomes smaller. Since the squeeze velocity for curve 9 is almost zero, it is interesting to find that the peak pressure and the central film thickness for curve 9 are smaller than those in curve 4 due to the absence of the squeeze motion effect. As seen in Fig. 4 , the position of minimum film thickness departs further from the center (r = 0). As shown in Figs. 5 and 6, the dimensionless pressure distributions and dimensionless film thickness Near the central region, the pressure for couple stress is larger than that of the Newtonian fluid, and the pressure for couple stress is smaller than that of the Newtonian fluid near the exit region. After the maximum central pressure spike of the Newtonian fluid, there are two cross points for the pressure distributions of these two fluids. These phenomena can be explained by Eqs. (3) and (4) . The equivalent viscosity is μ/F. The smaller H/L is, the more obvious the effect of couple stress is. From Fig. 6 , the dimensionless film thickness for couple stress fluids are much larger than that for the Newtonian fluids under the same load, because larger equivalent viscosity results in greater film thickness. Figure 7 shows the pressure and film thickness at the contact center versus time with two different characteristic length (L) under constant load condition. The central pressure increases rapidly with time at the initial stage. Meanwhile, the central pressure increases quickly to a maximum. Then the central pressure decreases slowly to near the amplitude of the wellknown Hertzian pressure with time at the final stage. This stage can be considered as the quasi-static condition. For larger characteristic length, the central pressure, the central and minimum film thickness are larger than those of smaller dimensionless characteristic length. The time needed to achieve maximum central pressure increases with increasing dimensionless characteristic length. Similarly, the time needed to achieve the Hertzian pressure also increases with increasing dimensionless characteristic length.
As shown, the effects of couple stresses produce an increase in the rigid separation with increasing value of dimensionless characteristic length. Figure 8 shows that peak pressure varies with central film thickness when loads are held constant at all time steps. For a materials parameter (G = 3500) and a characteristic length (L = 0.545), the histories of the central pressure are shown in curves B and D. It is found that the center pressure is strongly dependent upon the load, i.e., higher load produces much larger center pressure. For a given load (w = 2.31N) and a characteristic length (L = 0.545), the histories of the central pressure are shown in curves D and F. The higher materials parameter produces much larger center pressure. Moreover, it increases the difficulty in getting the converged solution. It has been known that the viscosity in the couple stress fluid model is much larger than that in the Newtonian fluid model. Therefore, by comparing curves A, C, and E with B, D, and F, it is interesting to note that the slope of peak pressure with decreasing central film thickness for the Newtonian fluid model is much larger than that in the couple stress fluid model during the squeeze process. Figure 9 shows the pressure and film thickness at the contact center versus the dimensionless characteristic length at t = 320ms, G = 3500 with different loads. As can be seen, the effects of couple stresses produce an increase in the central pressure and central film thickness with increasing dimensionless characteristic length. The larger the load is, the greater the central pressure and central film thickness at t = 320ms are. 
